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T he terrestrial planets are thought to have formed from the successive growth and accretion of protoplanetary objects <1000 km in diameter (1) . A fraction of these protoplanets have survived to the present day and include 4 Vesta, the second most massive asteroid (525 km mean diameter). In particular, Vesta's high density, primordial basaltic crust, and large size suggest that it is an intact remnant of the early solar system that escaped catastrophic collisional disruption (2) . Vesta therefore provides an opportunity to characterize the building blocks of the terrestrial planets and to study the processes of planetesimal accretion and differentiation.
Meteorites of the howardite-eucrite-diogenite (HED) clan probably sample the crust and upper mantle of Vesta (3) . Geochemical studies of HED meteorites suggest that Vesta has a fully differentiated structure, with a metallic core ranging from 5 to 25% of the total planetary mass (4) that formed within~1 to 4 million years (My) of the beginning of the solar system (5, 6). Recent volume and mass constraints from the NASA Dawn mission provide evidence of a metallic core between 107 and 113 km in radius (2) .
Vigorous advection in a molten metallic core may generate a dynamo magnetic field. Paleomagnetic studies of meteorites suggest that past dynamos may have existed on other asteroidal objects such as the angrite and the CV carbonaceous chondrite parent bodies (7, 8) . These data offer the possibility of studying the physics of dynamo action in a small-body regime not represented by active dynamos in the solar system today, in which Mercury is the smallest body with a known active dynamo (9) . However, there has been no meteorite group for which evidence of dynamo action has been confidently established and that has been directly associated with a known, intact, asteroidal parent body.
Previous paleomagnetic studies have shown that many HED meteorites are low-fidelity recorders of magnetic fields because of their large (i.e., multidomain), low-coercivity magnetic minerals (10) . Furthermore, these paleomagnetic studies generally lacked radiometric ages and thermochronometry. As a result, they came to no firm conclusions about the origin of magnetization identified in HED meteorites (11) . Although dynamo-generated and even nebular fields were considered, other potential sources such as recent magnetic contamination and impact-generated fields could not be ruled out (10, (12) (13) (14) . Here, we present a paleomagnetic study of ALHA81001 (ALH, Allan Hills), a meteorite found in Antarctica in 1981 with exceptional magnetic recording properties (15) . We also present thermochronologic and petrographic data that constrain the origin of the meteorite's natural remanent magnetization (NRM).
The main-HED-group oxygen isotopic composition of ALHA81001 suggests that it originated on Vesta (16) . As a eucrite, ALHA81001 has a basaltic composition and probably is a sample of the asteroid's upper crust. Our petrographic observations show that~99 volume % of ALHA81001 has a fine-grained texture. A previous paleomagnetic study found that ALHA81001 has one of the most stable NRM records observed for any main-oxygen-isotope group HED (10) . This is probably due to its very fine grain size, which has led to the formation of unusually high-coercivity ferromagnetic crystals [kamacite and iron sulfide (17) ]. In particular, the width of plagioclase phenocrysts in the groundmass ALHA81001 indicates that the primary crystallization of the meteorite above 1150°C took place over the course of~1 hour (18) . However, the presence of~0.4-mm-wide augite exsolution lamellae in host pigeonite grains suggests that the meteorite was reheated to between 800°and 1100°C, possibly due to burial in a hot ejecta blanket, and then cooled slowly over several hundred years (19) . Because these temperatures are above the Curie point of FeNi minerals, any remanent magnetization in ALHA81001 must have been acquired during or after this slow-cooling episode. Furthermore, we observed no undulatory extinction in plagioclase phenocrysts in the groundmass (20) , indicating that the meteorite escaped impact shock pressures above 5 GPa after this slow cooling (21) .
We extracted 13 subsamples (a set of 9 and a second set of 4) from two parent samples of ALHA81001. The subsamples within the first and second sets were mutually oriented to within 5°a nd 10°, respectively, whereas the two parent pieces were not mutually oriented. Subsamples taken from near the fusion crust produced by atmospheric passage have systematically different NRM directions from those of seven interior subsamples, whereas two subsamples extracted from between the fusion crust and the interior subsamples have intermediate NRM directions (Fig. 1 ). These data are consistent with heating and remagnetization of the meteorite's <2-mmdeep exterior during atmospheric passage and suggest that the interior was not strongly contaminated by hand magnets, weathering, or viscous remagnetization since the samples' arrival on Earth.
All 13 subsamples were progressively alternating field (AF) demagnetized or thermally demagnetized to characterize their NRM components. We observed three distinct components of magnetization in each subsample (Figs. 1, 2), with the exception of one fusion-crusted subsample, which has only two components. A low-coercivity (LC) component is blocked up to a coercivity of 3 mT. Its unidirectionality across all subsamples and low coercivity are consistent with a viscous remanent magnetization (VRM) acquired since the meteorite's recovery from Antarctica in 1981. A mediumcoercivity (MC) and medium blocking temperature (MT) component, blocked from 3 to between 21 and 57 mT during AF demagnetization and up to 150°C during thermal demagnetization, is unidirectional across all subsamples (except one fusioncrusted subsample that does not have an MC component). Its low blocking temperature and unidirectionality across all subsamples strongly suggest that it is a VRM acquired during the meteorite's residence in Antarctica. The intensities of both the LC and MC/MT components are also consistent with a VRM origin according to our laboratory VRM-acquisition experiments (22) .
Fusion-crusted and interior subsamples each carry distinct high-coercivity components (which we designate HCf and HC, respectively) that are blocked between 21 to 57 mT and 62 to >290 mT. The HC component is unidirectional throughout the interior subsamples (which are separated by up to 0.9 cm), and the HCf component is unidirectional across the fusion-crusted subsamples, but the HC and HCf directions are mutually divergent (Fig. 1) . Thermal demagnetization identified a high-temperature (HT) magnetization in the same direction as the HC component and blocked between 150°and >275°C, above which irreversible alteration of the magnetization carriers occurs (23) .
Upon AF demagnetization, the HC magnetization decays linearly to the origin with remarkable stability as compared to the NRM observed in all previously measured HED meteorites (10, 12) (Fig. 2) . Its AF demagnetization spectrum is most similar to that of an anhysteretic remanent magnetization (ARM) and differs from that of a strong field (280 mT) isothermal remanent magnetization (IRM) or pressure remanent magnetization (PRM) acquired in a laboratory field of 750 mT at a pressure of up to 1.8 GPa [an analog for shock remanent magnetization (SRM) (22) ]. All of these characteristics suggest that the HC/HT component is a thermoremanent magnetization (TRM) acquired during cooling in a magnetic field (24) . The 40 Ar/ 39 Ar plateau age of ALHA81001 indicates that the most recent heating event capable of full thermal remagnetization took place at 3.69 billion years ago (Ga) (Fig. 3C) and that the meteorite has largely escaped subsequent thermal disturbances. In particular, the observed degassing of radiogenic 40 Ar can be accounted for by a mean effective temperature between -50°a nd 140°C during the past 15 My (i.e., during transfer to Earth; see Fig. 3D ). This is entirely consistent with our 38 Ar analysis, which reveals a cosmic ray exposure age of~15 My, during which time the meteoroid may have been heated to a constant temperature of no more than 140°C (Fig. 3A) . Blocking temperature relationships for kamacite and pyrrhotite (25, 26) and the degree of post-3.69 Ga heating inferred from 40 Ar and 38 Ar diffusion suggest that the HC/HT component should have survived from 3.69 Ga to the present day.
Our ARM and IRM paleointensity experiments indicate that the magnetizing field that produced the HC/HT component at 3.69 Ga most likely had 
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an intensity of~12 mT (with a minimum value of~2 mT) (27) . The young 40 Ar/ 39 Ar age of ALHA81001 precludes the direct recording of a dynamo, because the longest predicted duration of a dynamo for a Vesta-sized object is on the order of several tens of millions of years tõ 100 My after solar system formation (28, 29) . Likewise, solar and nebular fields could not be a source of the magnetization, because they should have dissipated within the first~6 My of solar system formation (30) . Furthermore, slow cooling of ALHA81001 over >10 2 years rules out the recording of any putative transient, impact-generated fields, which are expected to have persisted for less than several hundred seconds under Vestan impact conditions (31) . This leaves remanent magnetization of the Vestan crust and underlying materials as the most likely magnetic field source. This in turn requires that the crust was magnetized by an earlier ambient magnetic field. Given the high inferred paleointensities for ALHA81001, this earlier magnetic field was most likely due to a core dynamo. Although nebular fields may have had intensities comparable to those of core dynamos (32), they should have existed only during the first <6 My after solar system formation and typically varied in direction on time scales of several tens of orbits. Petrographic studies show that Vesta's crust cooled from the 780°C Curie point of kamacite to ambient space temperatures over at least several million years and therefore is unlikely to have coherently recorded such timevariable nebular fields (33) . Another possibility is that Vesta's crust near or antipodal to large impact basins may have acquired remanent magnetization due to transient, impact-generated magnetic fields (34, 35) . However, the low velocities (~5 km/s) expected for impacts on Vesta should not have typically produced the ionized plasma clouds necessary for generating strong transient magnetic fields (36) (37) (38) . On the other hand, an early dynamo field should have been capable of generating steady core magnetic fields with intensities up to 2600 mT, resulting in surface fields of up to the order of 100 mT assuming a dominantly dipolar field geometry (13, 39) , thereby providing a means of magnetizing the Vestan crust and underlying material.
Following (40), we calculated the expected strength of the remanent crustal field due to this earlier dynamo. Although most HED meteorites exhibit saturation remanence of between 10 −4 and 10 −2 A·m 2 kg −1 (41), certain previously unmeasured metal-rich HEDs may have higher values. We measured the saturation remanence of one such HED meteorite, Camel Donga, to be 5 Â 10 −2
A·m
2 kg −1 (31) . Using this value for saturation remanence, a 100-mT field is expected to impart a TRM of intensity M TRM up to 3 Â 10 −6 to 2 Â 10 −3 A·m 2 kg −1 in HED material (42) . The resulting magnetic fields generated by a crust magnetized to these values depend on the specific geometry of the magnetized material. We calculated the expected field for one plausible geometry. Because ALHA81001 is probably an impact melt (43), we evaluated the magnetic field within an impact-heated region in a thin crust magnetized perpendicular to the plane (31) . The resulting field is~2/3m 0 M TRM r , where m 0 is the permeability of free space and r is the crustal density, assumed to be 3000 kg m . Crustal material on Vesta magnetized in a dynamo with this geometry can therefore generate magnetic field intensities between 0.01 and~4 mT.
Although the upper end of this range agrees with our inferred paleointensities, our paleointensities are nevertheless surprisingly high and may suggest the presence of more strongly magnetic material on or beneath the surface of Vesta that is not sampled by HED meteorites. Carbonaceous chondrite material has been observed in howardites and may have been observed as localized dark terrains on the surface of Vesta (44) . Mesosiderites have been hypothesized to originate on Vesta because of the similarity of their oxygen isotopic compositions to those of HEDs (45) . Carbonaceous chondrites and mesosiderites have saturation remanence values in excess of 10 −1 A·m 2 kg −1 (41) and therefore can readily produce >10-mT crustal magnetic fields when magnetized in a 100-mT dynamo field. Therefore, such material, if present on Vesta, may result in localized, highly magnetic terrains. The high paleointensity of ALHA81001, which is stronger than that of most previously studied HEDs (10), may attest to the relative rarity of the purported highly magnetic terrains. Localized regions of high crustal field intensities on Mars and the Moon are similarly too intense to be explained by the observed magnetism of known martian meteorites and Apollo samples, respectively, and also require the existence of unsampled, highly magnetic material on these bodies (40, 46) . A magnetized crust due to a prior dynamo epoch therefore appears to be the only plausible field-generation mechanism consistent with our inferred paleointensities.
Our inferred detection of an early dynamo in Vesta provides further evidence that dynamos could have formed in small differentiated bodies in the early solar system. The presence of a magnetized crust implies that at least parts of the Vestan surface had solidified and cooled below the Curie temperature during the presence of an active dynamo. The strong inferred intensity of remanent crustal magnetization suggests that the dynamo, when it was active, probably generated surface fields with intensities between 10 and 100 mT and that strongly magnetic material unsampled by HED meteorites may be present on or below the surface of Vesta. Furthermore, the existence of crustal magnetization at 3.69 Ga suggests that Vesta is likely to have crustal magnetic fields at the present time, because impact events are unlikely to have demagnetized the entire surface. Spectral features of the Vestan surface indicate that space weathering effects are more subdued than those observed on the Moon (47) and may require shielding from the solar wind ion flux at 2.36 astronomical units by a surface field ≥0.2 mT (48). The existence of >2-mT magnetic fields of the intensities estimated here are therefore sufficient to stand off solar wind ions at the orbital distance of Vesta, providing a possible explanation for the apparently limited effects of solar wind ion-generated space weathering. Ar spectrum shown in (C), using the maximum apparent E a in (B); dashed curves are calculated from models using the minimum apparent E a in (B) for thermal events at 15 Ma (bold curve) and 1.0 Ga (thin curve). The squares are upper bounds from (A) for maximum and minimum values of E a . Solar heating since~15 Ma to mean effective temperatures between -50°and 140°C provides an internally consistent prediction of the entire Ar data set. 
